Introduction
Mold powder entrapment mainly takes place in so called "unsteady casting" periods, e.g. the time of casting start, casting end, ladle exchange, mold width change, SEN change, etc. During the unsteady casting periods, usually, casting speed V c is largely varied which disturbs the flow of the liquid steel in the mold and results in severe level fluctuation. Hence, mold powders are easy to be carried into the liquid steel and some are entrapped by the solidified shell and exist as non-metallic inclusions in slabs. In recent years, surface defects of IF steel sheets caused due to problems of steelmaking, secondary refining, etc. has been significantly decreased owing to the progress and improvement of the steelmaking and refining technologies and equipments. However, the ratio of the defects owing to the mold powder entrapment during continuous casting has increased. [1] [2] [3] [4] [5] [6] [7] [8] Casting speed variation should be avoided during casting. However, in practical casting production, casting speed change is still inevitable. In most steelmaking plants, methods of "down grade" or "defect slab" are adopted, i.e. the slabs which are cast during casting speed change period are used for producing lower grade products or even taken as scraped slabs. When this method is simply used, some good slabs may be "down grade" or scraped and some defect slabs may be escaped as good slabs. In order to improve the quality control of IF steel in Bao Steel, investigation was carried out on the influence of casting speed variation on non-metallic inclusions in surface layers of IF steel slabs.
Experimental Method
The experiments were carried out at the No. 2 BOF shop of Bao Steel. After desulphurization pretreatment, the hot metal was blown in a 250 t top and bottom combined blowing furnace and the liquid steel after BOF steelmaking was further refined in a RH degasser. There are two slab casters in No. 2 BOF shop and their main specifications are shown in Table 1 . In the experiments, slabs of 1 150 mm width and 230 mm thickness were produced. Whirlpool influence controller of mold level is used and it controls the mold level in the range of Ϯ3 mm. The composition of the IF steel is shown Table 2 .
Influence of Casting Speed Variation during Unsteady Continuous Casting on Non-metallic Inclusions in IF Steel Slabs
Qiaoying ZHANG, 1) Litao WANG 2) and Xinhua WANG The influence of casting speed variation on non-metallic inclusions in surface layers of IF steel slabs during continuous casting were investigated with OPA (Original Position Statistic Distribution Analysis) method. It was found that, when the casting speed was evenly decreased from 1.4 to 0.6 m/min, increases of the nonmetallic inclusions owing to the increase of the mold powder entrapment were observed only on those slabs which were cast at the start of casting speed change. While, in experiment of increasing casting speed evenly from 0.6 to 1.4 m/min, increases of nonmetallic inclusions were observed only on slabs which are cast at the time when the casting speed was stopped to increase after it had been increased to 1.4 m/min. For slabs which were cast during the casting speed evenly increasing or decreasing period and at the time when increasing or decreasing the casting speed at low casting speed level (0.6 m/min), the influence of casting speed change was very small. In addition, it was found that, at high casting speed level (1.4 m/min), even a little change of casting speed could result in remarkable increase of the non-metallic inclusions. Thus, at high casting speed, changing casting speed should be avoided or using much slower speed changing rate. Increasing or decreasing the casting speed were intentionally arranged in the experiments to investigate the influence of the V c change on non-metallic inclusions in cast slabs. In the experiments of decreasing casting speed, after V c was maintained at 1.4 m/min for more than 30 min, the casting speed was decreased evenly with the speed decreasing rate of 0.15 m/min 2 . After casting, specimens were taken from the slabs which were just in the mold during casting when the casting speed was decreased to 1.2 m/min, 1.0 m/min, 0.8 m/min and 0.6 m/min respectively.
In the experiments of increasing casting speed, after V c was maintained at 0.6 m/min for more than 30 min, the casting speed was evenly increased with the rate of 0.15 /min 2 . After casting, specimens were taken from the slabs which were just in the mold when the casting speed was increased to 0.8 m/min, 1.0 m/min, 1.2 m/min and 1.4 m/min respectively. In addition, for comparision, specimens were also taken on the slabs which were normally cast at 0.6 m/min, 0.8 m/min, 1.0 m/min, 1.2 m/min and 1.4 m/min.
Three specimens (200 mm of length, 100 mm of width, 25 mm thickness) were respectively cut on the top surfaces at 1/8 width, 1/2 width and on the narrow faces of the slabs. For each specimen, 0.5 mm surface layer was firstly machined off. The specimen was scanned to obtain the content of the non-metallic inclusions on the detected surface by OPA (Original Position Statistic Distribution Analysis) method which was developed by Beijing NAKE Analysis Instrument Co. The scanning area of on each specimen by OPA was 60ϫ40 mm 2 . After that, each specimen was further machined totally by 5 times and 1 mm of surface layer was machined off at each time. After each machining, the specimen was analyzed by OPA.
OPA is a method based on techniques of continuous excitation of spark spectrum while making two-dimensional moving on specimens, high speed signal acquisition of single spark discharge and the data analysis system. 9, 10) It can move and scan on large sized specimens and obtain signals reflecting both the concentrations and locations of the nonmetallic inclusions on the scanned areas. The scanning speed of OPA used in the investigation was 1 mm/s and the interlineations between each scanning was 2 mm. The diameter of each spark spot was 1 mm and the excitation depth is 9-20 mm.
When the non-metallic inclusions on specimen surfaces were detected by OPA, the intensities of the spectrums which reflect the existence of the non-metallic inclusions were abnormally increased. The net intensities of the spectrums of the abnormal spark signals were correlative to sizes of the non-metallic inclusion particles and, the relative occurrence frequencies of the abnormal spark signals were correlative to the contents of the non-metallic inclusions.
11)
By analyzing the data of the net spectrum intensities and relative occurrence frequencies of the abnormal spark signals, the contents and sizes of the non-metallic inclusions on the scanned surfaces can be obtained (Eqs. (1) and (2) (2) where C is the content of the non-metallic inclusions, C 0 is a constant, F is the relative occurrence frequency of the abnormal spark signals, K is a constant, D is the size of the non-metallic particle, t 2 and t 1 are coefficients, I is the net intensity of the spectrum of the abnormal spark signal, and D 0 is the critical value of the size of the particle which is taken as the non-metallic inclusion by OPA. Figure 1 shows the number of the non-metallic inclusions in subsurface specimens (0.5-5.5 mm from surfaces) of slabs analyzed by OPA method, in which, Fig. 1(a) shows the number of the non-metallic inclusions between 10 mm and 20 mm and Fig. 1(b) shows the number of the nonmetallic inclusions larger than 20 mm. The slabs were normally cast respectively at 0.6 m/min, 0.8 m/min, 1.0 m/min, 1.2 m/min and 1.4 m/min without V c changing.
Experimental Results
It was found that most of the non-metallic inclusions larger than 10 mm existed in 0.5-3.5 mm surface layers of slabs and very few non-metallic inclusions were detected by OPA in specimens which were more than 4.5 mm deep from slab surfaces. Figure 2 shows several large sized nonmetallic inclusions found subsurface specimens by SEM and their chemical compositions analyzed by EDS are shown in Table 3 . These large non-metallic inclusions all contain Na 2 O, which indicates that they were entrapped mold powders or the reaction products between the involved mold powders and the non-metallic inclusions, such as Al 2 O 3 in liquid steels.
As shown in Fig. 1 the non-metallic inclusions detected by OPA were more in slabs which were cast at low casting speeds (0.6-0.8 m/min). This is because that, when casting speed was low, the quantity and the velocity of the steel from the SEN in the mold were decreased. Heat supply to the surface of the liquid steel was reduced because the up flow of the liquid steel to the surface became weak. The melting and the fluidity of the mold flux were influenced and mold powder entrapment became easy to occur. It is also seen in Fig. 1 that, In the experiment, the casting speed was within the range of 0.6 to 1.4 m/min and most of the large sized non-metallic inclusions aroused by the entrapment of the mold powders were found in the subsurface regions between 0-4 mm below slab surfaces. The solidification coefficient K is usually between 18 mm/min 1/2 and 24 mm/min 1/2 for slab caster. Assuming Kϭ20 mm/min 1/2 , with Eq. (1), the maximum depth of the mold powder entrapment calculated is 26-54 mm below the level of the liquid steel in the mold. Figure 3 shows the contents of non-metallic inclusions in surface layer specimens of slabs which were cast in the experiment of decreasing casting speed. The content of the non-metallic inclusions at each V c is the average result of OPA on the surface layer specimens which were 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm from the slab surface. Also, the casting speed change is illustrated in the figure.
Before decreasing casting speed, the casting speed was stabilized at 1.4 m/min and the content of the non-metallic inclusions at the stable V c of 1.4 m/min was about 0.0019 %. It is seen in Fig. 3 that, when decreasing casting speed was started and the V c was decreased from 1.4 m/min to 1.2 m/min, the content of the non-metallic inclusions increased remarkably to 0.0022 % However, in later casting speed decreasing period when V c was evenly decreased fur- ther to 1.0 m/min and 0.8 m/min, contents of the non-metallic inclusions were just between 0.00132-0.00137 %, less than the content of the slabs cast at 1.4 m/min. When casting speed changing was stopped after the V c was decreased to 0.6 m/min, a very slight increase of the non-metallic inclusions was found.
The experimental result shown by Fig. 3 is very meaningful, which indicates that, if the casting speed is decreased from high speed level (e.g. 1.4 m/min), the increase of the nonmetallic inclusions due to the mold powder entrapment takes place only on those slabs which were cast at the initial casting speed changing period. The subsequent casting speed even decreasing has almost no bad influence on non-metallic inclusion contents of slabs. This is because, when casting speed decrease is started at higher casting speed, both the quantity and the velocity of the steel from the SEN are abruptly reduced. This sudden interfere on the flow of the liquid steel in the mold enhances the level fluctuation of the steel and increases mold powder entrapment.
However, in the subsequent V c decreasing period, the interfere of the casting speed change is gradually getting weaker and the flow of the liquid steel is getting relatively stable because the casting speed was evenly reduced in the experiment. So, in the later casting speeds evenly decreasing period, non-metallic inclusions aroused by mold powder entrapment were not increased. Moreover, when casting speed decrease is stopped at low V c level (e.g. 0.6 m/min), even though the flow of the steel in the mold is disturbed by the sudden change, its influence on mold powder entrapment is largely limited because the casting speed is low.
It should be pointed out that a big increase of the nonmetallic inclusions was observed when the casting speed was only decreased from 1.4 to 1.2 m/min in the experiment. This means that, at relatively higher casting speed, a slight change of the casting speed can cause remarkable increase of the non-metallic inclusions in surface layers of slabs. Figure 4 shows the contents of non-metallic inclusions in surface layer specimens of slabs which were cast in casting speed increasing experiment. It is seen that, when casting speed increase was started at low casting level (0.6 m/min), even though the flow of the liquid steel in the mold was disturbed, the contents of the non-metallic inclusions were only slightly increased In the subsequent casting speed increasing period, the flow in the mold became relatively stable because the V c was evenly increased and heat supply to the meniscus by the up flow of the steel was increased with increasing V c . As shown in Fig. 4 , the nonmetallic inclusions of slabs cast when the V c was increased to 1.0 m/min and 1.2 m/min were decreased compared with the those at lower V c .
During the casting speed evenly increasing period, the contents of the non-metallic inclusions of slab subsurface specimens were between 0.00139-0.0017 %. While, when the casting speed increasing was stopped at 1.4 m/min, the content of the non-metallic inclusions was remarkably increased to 0.00228 %. Later, when the V c was again stabilized at 1.4 m/min, the contents of the non-metallic inclusions were decreased to 0.0018-0.0019 %.
Similar to start decreasing V c at higher casting speed, when the casting speed increase is stopped at high casting speed level (1.4 m/min), the flow of the liquid steel in the mold is largely disturbed. This sudden interfere enhances the level fluctuation of the liquid steel in the mold and increases the entrapment of the mold powders by the solidified shell. So, at high casting speed level, V c changing should be avoided or be made with slower speed changing rate in continuous casting of IF steel. 
Mathematical Simulation

Assumptions in Modeling
Governing Equation
Based on above assumptions, the following governing equations were solved in the mathematical model:
• the continuity equation,
• the momentum equations, • the turbulence equation.
The parameters that were recommended by Launder and Spalding 12) were used in the mathematical model. Their values are: C 1 ϭ1.44, C 2 ϭ1.92, mϭ0.09, s k ϭ1.0, s e ϭ1.3.
The parameters used in the k-e mathematical model are:
The interface between the liquid steel and the mold flux was simulated by the SOLA-VOF model. [13] [14] [15] The volume function F(x, y, z, t) of the interface is defined as follows: (5) Where F is the volume function F(x, y, z, t) , t is time (s), x is the coordinate of the mold width direction (m), y is the coordinate of the mold thickness direction (m) and z is the coordinate of the mold height direction (m). The result of the mathematical simulation also indicates that the flow of the liquid steel in the mold is much more largely influenced at the time when the casting speed is started to decrease. This corresponds well to the result of the investigation on the effect of the decreasing casting speed on the non-metallic inclusions in subsurface layers of the slabs. Figure 6 shows the calculated level fluctuation of the liquid steel when the casting speed is evenly increased from 0.6 to 1.4 m/min. It can be seen that, when increasing V c is started at lower casting speed level (0.6 m/min), the influence of the casting speed change is small. However, when the casting speed increase is stopped at higher speed level (1.4 m/min), a remarkable increase of the level fluctuation is observed again.
Results and Discussions
Similar to start decreasing V c at higher casting speed, the flow of the liquid steel in the mold is much more largely influenced at the time when the casting speed increase is stopped at higher casting speed level. This corresponds well to the result of the investigation on the effect of the increasing casting speed on the non-metallic inclusions in subsurface layers of the slabs.
The result of the mathematical simulation indicates that the flow of the liquid steel in the mold is much more largely influenced at the time when the casting speed is started to decrease or the casting speed increase is stopped at higher casting speed level, which corresponds well to the result of the investigation on the effect of the casting speed change on the non-metallic inclusions in subsurface layers of the slabs.
Conclusions
(1) Most of the non-metallic inclusions larger than 10 mm existed in the subsurface layers of 0.5-3.5 mm from slab surfaces and very few large non-metallic inclusions were found in inner regions (Ն4.5 mm from slab surfaces).
(2) When casting speed was decreased from 1.4 to 0.6 m/min, the increases of the non-metallic inclusions owing to the mold powder entrapment were observed only on slabs which were cast at the initial casting speed changing period. The subsequent casting speed evenly decreasing period and stopping decreasing V c at 0.6 m/min had almost no bad influence on non-metallic inclusion contents of slabs.
(3) When casting speed was evenly increased from 0.6 to 1.4 m/min, the increases of nonmetallic inclusions were observed only on slabs which were cast when increasing V c was stopped at 1.4 m/min. To start increasing V c at low casting speed level (0.6 m/min) and evenly increase V c to 1.4 m/min had almost no bad influence on non-metallic inclusions in slabs.
(4) At high casting speed level (1.4 m/min), even a little change of casting speed could result in the increase of the non-metallic inclusions in slabs. Thus, at high casting speed, casting speed changing should be avoided or be made with slower speed changing rate in continuous casting of IF steel. 
